Cadmium (Cd) is a heavy metal that is the cause of irreversible hazards to living organisms. Cadmium ions can induce the phosphorylation of MAPKs pathway molecules such as Hog1 and Slt2, but downstream effectors and potential activation pathways are still unclear. In this study, the RNA-seq data analysis in Cd-stressed yeast was performed to predict and screen the signal transduction pathway and the potential effect molecules regulated by MAPKs. Based on differentially expressed genes and Venn diagrams, 31 genes regulated by Hog1p and two genes induced by Slt2p, which related to carbohydrate metabolism, oxidative damage, DNA replication stress and detoxification, were characterized under Cd exposure to yeast. A cysteine-specific transporter (Yct1) modulated by Hog1 was confirmed via RNA-seq results. Meanwhile, we tested the Cd-sensitivity, intracellular Cd concentrations and β-galactosidase assay, and results indicated that the hypersensitivity of the hog1 mutant to Cd was partly abrogated in YCT1 gene deletion, induction of YCT1 was dependent on Hog1 and its transcription factors, and Yct1p would be epistatic to the Hog1p in Cd-tolerance. The investigation of the transcriptome of MAPKs under Cd stress provided valuable information for future molecular studies of Cd-tolerance.
INTRODUCTION
Cadmium (Cd) has been classified as a class I human carcinogen by the International Agency for Research on Cancer (IARC) (IARC 1993) , which is also associated with cardiovascular diseases (Go et al. 2015; Huff et al. 2016; Jablonska et al. 2017; Nigra et al. 2016; Wei and Shaikh 2017) and neurodegenerative diseases (Khlifi and Hamza-Chaffai 2010; Wang and Du 2013) . As a nonessential metal ion, Cd has the capacity to inhibit thiol transferases often via thiol groups of cysteine residues, and leads to increased ROS levels. Cd may also displace zinc and calcium ions from metalloproteins and zinc finger proteins, thereby affecting their activity (Wysocki and Tamas 2010) . Cd also disrupts physiological signalling processing including Ca 2+ , cAMP, NO, ROS, MAP kinases, PKA/Art, NF-κB and other developmental pathways, resulting in signal dysfunction and cell death (Thévenod and Lee 2013) . Mitogen-activated protein kinases (MAPKs) are vital signalling molecules regulating cell progress, proliferation and differentiation. Studies that investigated both acute and chronic Cd exposure induced astrocyte cytotoxicity and cell death through activation of JNK, p38 and Akt signal pathways (Jiang et al. 2015) . Responses to Cd in higher plants included phosphorylation and activation of signal molecules MAPKK LcMKK in Lycium chinense (Guan et al. 2016) , MAPK OsMAPK2 (Yeh, Hsiao and Huang 2004) and OsMSRMK2 in Oryza sativa (Agrawal, Rakwal and Iwahashi 2002) . In a previous study of genome-scale deletion library screening we identified 106 yeast genes, including three MAPKs genes (HOG1, SLT2 and KSS1), which were sensitive to a sublethal concentration of Cd . Both the upstream elements of Sln1 and Sho1 were involved in the Cd-induced activation of Hog1 in HOG pathway. In addition, Cd induced the phosphorylation of Slt2p by the cell surface sensor Mid2 through the GEF Rom1in cell wall integrity (CWI) pathways (Xiong et al. 2015) . However, although the upstream elements of HOG and CWI pathways on Cd exposure have been demonstrated before, little attention has been paid to downstream effectors.
The purpose of this paper is to describe and examine potential gene expression profiles depending on Hog1 and Slt2 by RNA-sequencing (RNA-seq), and shed light on the mechanisms of MAPK signalling pathways corresponding to Cd in the yeast model.
MATERIALS AND METHODS

Yeast strains and culture conditions
All of the experiments were performed with the Saccharomyces cerevisiae BY4741 strain (MATa his3 1 leu2 0 met15 0 ura3 0) and mutant derivatives provided by Prof. Jiang (Shandong University of Technology, China). The yeast strains used in this work are listed in Table S1 . Yeast strains were maintained on standard YPD and SD medium supplemented with the required amino acids. Yeast cells were grown overnight at 30
• C and shaken at 200 rpm, and then cultures were refreshed with YPD medium to OD 600nm = 0.2 and grown to mid-exponential phase (OD 600nm = 1.0).
RNA extraction and illumina sequencing
Wild-type BY4741, hog1 and slt2 were used in this study. The yeast cells precultured in YPD were replicated in YPD fresh medium supplement with or without 50 μM CdCl 2 at OD 600nm = 1.0 for another 2h. Each sample has two biological replicates. Total RNA was extracted from Cd-free and Cd-treated yeast cells with Trizol reagent (Invitrogen, USA) according to the manufacturer's instructions. The purity, concentration and integrity of the RNA were qualified for RNA-seq and detected by PAGE, Nanodrop, Qubit 2.0 and Aglient 2100 (Biomarker Biotechnology Corporation, Beijing, China). The mRNA-enriched, cDNA synthesis and RNA-seq library was fulfilled according to standard methods in the company. Then the samples were processed for transcriptional sequencing on an Illumina HiSeq TM 2500.
Data processing and analysis
The clean reads were mapped to the reference genome through TopHat 2, and then we calculated the gene expression levels by the fragments per kilobase per million fragments mapped (FPKM) values. Next, we defined the differentially expressed genes (DEGs) with the threshold value of -log 2 FC-> 1.5 and false discovery rates (FDR) < 0.05. Unigenes were subjected to BLASTX alignment against the protein databases including Gene Ontology (GO) annotation, Clusters of Orthologous Groups (COG) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways using an E-value < 10 −6 .
Quantitative real-time PCR analysis
To verify the sequencing results, nine unigenes were selected for confirmation through RT-qPCR analysis. The primers were designed using Vector NTI to amplify 150-300 bp regions (Table S2 ). The qRT-PCR was performed on an Applied Biosystems Model 7500 Quantitative PCR System (ABI, USA) using qPCR SYBR R Green Master Mix (Vazyme Biotech, China) according to the manufacturer's instructions. The ACT1 gene was used as an internal control. The relative quantity was analysed using the 2 − CT method, as described by Livak and Schmittgen (2001) .
Growth assay and cadmium measurement
To study the interaction between the MAPKs and potential downstream genes in Cd sensitivity, we created the double-gene mutants with the natMX4 marker by the classical lithium acetate method as described (Jiang et al. 2004) . Yeast strains used in this study are listed in Table S1 , and all the primers are listed in Table S3 . For instance, strain hog1::natMX4 was constructed by transforming strain hog1::kanMX4 with EcoRI-digested plasmid p4339 (a gift from Prof. Linghuo Jiang), containing the selectable marker natMX4. Nat-resistant transformants were selected on YPD medium containing 100 μM nourseothricin. The genotype of the strain hog1::natMX4 was confirmed by its phenotype (Nat R Kan S and Cd S ), as well as by PCR analysis of its chromosomal DNA with the primer Sc-HOG1-dele. Strain hog1hxt5 (hog1::natMX4, hxt5::kanMX4) was constructed by transforming the strain hog1::natMX4 with the PCR products obtained from the strain hxt5 (hxt5::kanMX4) as described above. Kan-resistant transformants were selected on YPD medium containing 100 μM G418. The genotype of the hog1hxt5 was confirmed by its phenotype (Nat R Kan R ) as well as by PCR analysis of its chromosomal DNA with the primer Sc-HXT5. The serial dilution assay was used to evaluate CdCl 2 sensitivity of yeast cells as described (Zhao et al. 2014) . To investigate the difference in Cd uptake in different gene mutants, intracellular Cd concentrations were determined by an atomic absorption spectrometer as described (Mulet et al. 1999) . Yeast cells including BY4741, hog1, yct1, hog1yct1-1 and hog1yct1-2 were grown in YPD at 30
• C to the platform stage, then the cultures were refreshed with YPD medium containing 100 μM CdCl 2 to OD 600 nm = 0.2. After incubation for 4 h, the cells were centrifuged at 2000 g for 2 min at 4 • C, washed four times with icecold washing solution (10 mM MgCl 2 containing 1 M Sorbitol) before resuspension and subsequent centrifugation. Then the cell pellets were resuspended with 5 ml MgCl 2 (10 mM). For Cduptake measurements, cells of 0.3 ml suspension were diluted 10 times with 10 mM MgCl 2 (also performed as a blank solution) to a final absorbance at 600 nm; then 6 M HNO 3 as 1:50 were added to the suspension of the remaining cells and incubated at 95
• C for 1 h. After cooling, samples were made up to 10 ml using deionised water. Acid-digested samples were analysed using an atomic absorption spectrometer (AA229) in flame emission mode. For each mutant, two individual colonies were assayed. The wild-type BY4741 was used as a control in this assay.
β-galactosidase assay
To predict Hog1 and its transcription factors involved in the regulation of Yct1 under Cd stress, we introduced the plasmid pRS316-Yct1p-LacZ, 954 bp fragment (EcoRI/KpnI) containing the promoter of YCT1, which was obtained from BY4741 genomic DNA by inserting it into pRS316-lacZ plasmid (provided by Prof. Linghuo Jiang) and verified by sequencing (Tables S1 and S3 ). Thus, the plasmid pRS316-Yct1p-promoter was transformed into BY4741, hog1, smp1, sko1, msn2, msn4 and hot1 strains, and selected on the SD-ura medium at 30 Then we chose two individual colonies for β-galactosidase assay. Yeast cells were grown in SD-ura at 30
• C overnight and the cultures were refreshed with SD-ura medium to OD 600nm = 0.2; then CdCl 2 with a final concentration of 100μM was added when the OD 600nm reached 0.6-0.8. All the following steps were performed at 4
• C. After incubation for 2 h, the cultures were harvested and washed with double distilled water. Then the cells were resuspended in 200-400 μL lysis buffer (50 mM Tris-HCl [pH 8.0], 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride) and glass beads were added to break cells using the disruptor genie (Scientific Industries, D48-1040). Finally, extracts were clarified by centrifugation, and protein concentrations were measured using the Bradford method. β-galactosidase assays were performed using the crude extracts obtained as described previously. 50 μL cells extracts were added into 450 μL Z buffer plus β-mercaptoethanol (0.27%) and incubated at 37
• C for 5 min, then 100 μL o-nitrophenyl-β-D-galactopyranoside (4 mg/ml in Z buffer) was added. The absorbance of the enzymatic reaction was measured at 420 nm on a microplate reader after 10 min of incubation at 37
• C and the addition of 250 μL of 1M Na 2 CO 3 to stop the reaction. β-galactosidase activity was expressed as nmoles of o-nitrophenyl-β-D galactopyranoside converted/min/mg of protein. The experiments were performed at least in triplicate from independent yeast transformants.
RESULTS AND DISCUSSION
Data of RNA-seq
After removing the low quality, connector and primer sequences, raw reads were generated from the control and treated samples listed in Table S4 , respectively. The accuracy of bases was higher than 89% suggesting that the quality of sequencing was pretty good. Additionally, the percentage of unigenes mapped to recorded genomes was between 83.31% and 84.99%. The nine genes belonging to the different groups were checked by RT-qPCR to validate the RNA-seq results. As shown in Table 1 , a very good correlation was found between both data sets. The details of the gene expression data, based on RNA-seq (Table S5 ) and RT-qPCR (Table 1) experiments, together with a cluster analysis to visualize the different groups of Slt2 and Hog1 MAPKs.
Global transcriptional response in wild-type yeast
A total of 1545 genes were detected in wild-type yeast responding to Cd stress, including 755 upregulated and 790 downregulated genes. All DEGs information is provided in Table S5 . As expected, 50 μM Cd 2+ exposure changed the overall transcription profile as showed by the Hierarchical Clustering analysis (Fig. 1A) . The DEGs were classified into 22 COG terms, including translation, ribosomal structure and biogenesis (19.94%), general function prediction only (18.35%), amino acid transport and metabolism (10.60%), carbohydrate transport and metabolism (7.10%), inorganic ion transport and metabolism (6.26%) (Fig. 1B ).
Thorsen and his team estimated Cd-specific defence functions that were mainly related to carbohydrate metabolism and metal ions' metabolism in S. cerevisiae (Thorsen et al. 2009 ), which supported our results. In GO annotation, 46 GO terms including cellular components (CCs), molecular functions (MFs) and biological processes (BPs) were annotated ( Figure S1 ). In addition, 50 KEGG pathways were assigned (Fig. 1C) . The top four enriched KEGG pathways were ribosome (20.34%), purine metabolism (8.72%), ribosome biogenesis (7.35%) and pyrimidine metabolism (6.32%), consistent with Huang's results (Huang et al. 2016) . Notably, 25 DEGs were classified as the protein processing DEGs in endoplasmic reticulum (ER); meanwhile, Le and Kohno revealed that Cd exposure damaged the oxidative protein folding in the ER, and induced the unfolded protein response (UPR) (Le et al. 2016) . All the results indicated that Cd impaired the ribosome biogenesis and functions such as translation and ribosomal gene expression, which indicates that the ribosome is a vital target for Cd damage. The precise mechanism has not yet been investigated further.
Functional annotation and classification of DEGs involved in MAPKs
To figure out how HOG or SLT2 regulated the downstream genes, we analysed the DEGs in the < WT + Cd vs. hog1 + Cd > and < WT + Cd vs. slt2 + Cd > groups by three protein databases, COG, GO and KEGG. According to the threshold value of DEGs, there were 103 genes that changed their expression in the hog1 strain, and nine genes which changed in the slt2 strain (Table S5) . Firstly, there were 19 annotated COG categories in the comparison group of < WT + Cd vs. hog1 + Cd >. The cluster of 'General function prediction only' represented the largest column (13), followed by 'Carbohydrate transport and metabolism' (12) and 'Amino acid transport and metabolism' (9) (Fig. 2A) . Besides these categories, the replication, recombination and repair (6), transcription (5), energy production and conversion (5), inorganic ion transport and metabolism (4) were also annotated in the COG database. In another comparison of < WT + Cd vs. /slt2 + Cd >, only eight COG categories were annotated (Fig. 2B) . Details are listed in Table S6 . Secondly, in GO annotation, the integral components of membrane (20%), cytoplasm (16.37%), cytosol (14.55%) and extracellular region (14.55%) were the most abundant classifications in CCs. Oxidation-reduction process (13.04%), metabolic process (10.14%), fungal-type cell wall organization (8.70%) and response to oxidative stress (8.70%), were the top four categories in BPs. Meanwhile, oxidoreductase activity (12.70%), ATP binding (11.11%) and catalytic activity (9.38%) were the largest classifications in MFs (Fig. 2C and Table S7 ). As to < WT + Cd vs. slt2 + Cd >, only two upregulated genes were classified to binding and catalytic activity (Fig. 2D) .
Thirdly, there were 36 DEGs assigned to 30 KEGG pathways in the group of < WT + Cd vs. hog1 + Cd >. Obviously, the top classified pathway was the MAPK signalling pathway (8). Other pathways included were methane metabolism (5), glycerolipid metabolism (4), pyruvate metabolism (3), glycine, serine and threonine metabolism (3), and tryptophan metabolism (3) ( Table S8 ). The results of KEGG were consistent with the COG and GO enrichment analyses.
The discovery of potential genes regulated by Hog1 and Slt2 in cadmium stress
In a previous study we found that transcriptional activation of SMF1 gene (an encoding manganese transporter) (Wysocki and Tamas 2010) was dependent on the HOG pathway in Cd exposure (data not available), which prompted us to ask whether any other elements also regulated by HOG or CWI pathways respond to Cd stress. To accomplish this, we characterized the global pattern of yeast gene expression after Cd treatment in WT cells as well as in strains deleted in SLT2 or HOG1 by creating Venn diagrams (http://bioinfogp.cnb.csic.es/tools/venny/index.html). By comparing < WT vs. WT + Cd > with < WT + Cd vs. hog1 + Cd >, we found 26 genes were upregulated in < WT vs. WT + Cd >, while the 26 genes were downregulated in < WT + Cd vs. hog1 + Cd >. This suggested that the genes were positively regulated by Hog1 (Fig. 3A) . Conversely, five genes were negatively regulated by Hog1. Functional annotation of these special genes was provided on saccharomyces genome database (SGD, https://www.yeastgenome.org/) and is summarized in Table 2 . They were divided into six functional groups. Remarkably, eight genes were related to metabolism and energy, including glycolysis and other carbohydrate metabolism-related genes [GRE2 (Babazadeh et al. 2017) , GRE3 , GPM2 (Ganapathy et al. 2015) , PYC1 (Jitrapakdee et al. 2007) , NQM1 (Huang et al. 2008) and ENO1 (Kang et al. 2014) ], nitrogen metabolism-related gene YHB1 (Kleinknecht et al. 2016) , as well as the fatty acid metabolism-related gene FAA3 (Black and Dirusso 2007) . Seven genes were connected with cell rescue, defence and virulence, mostly in oxidative stress (SRX1, AHP1, PRX1, CTT1 and DAK1) (Goulev et al. 2017; Upadhya et al. 2013; Greetham and Grant 2009; Lee et al. 2009 ). It is interesting to note that Dak1, as a dihydroxyacetone kinase, physically interacted with Gpx3 (encoding glutathione peroxidase 3) and reduced the formation of advanced glycation endproducts (AGEs) in the cellular defence system (Lee et al. 2009 ). Meanwhile, we also obtained three genes related to transport, including PTR2 [encoding a transmembrane peptide transporter that mediated transport of di-and tri-peptides (Byrd, Turner and Varshavsky 1998)] , YCT1 [encoding a high-affinity cysteine-specific transporter (Kaur and Bachhawat 2007) ] and HXT5 [encoding a membrane protein and regulated by stressresponsive elements (STREs) and HAP transcriptional elements (Verwaal et al. 2004) ]. In addition, there were three genes related to transcription and two genes related to DNA processing. In < WT vs. WT + Cd > and < WT + Cd vs. slt2 + Cd >, two genes were screened out. 
The cysteine-specific transporter Yct1p could partly recover the hog1 mutant phenotype under cadmium exposure
Based on the homologous recombination method, we selected eight genes related to transport and DNA replication stress in order to construct double genes deletion mutants, which were devoted to finding out the potential downstream gene regulated by the two MAPK signal pathways on phenotypic analysis (Fig. 4) .
Two MAPKs gene mutants for hog1 and slt2 were hypersensitive (almost no growth) to 125 μM CdCl 2 (Fig. 4A) . Accordingly, the sensitive phenotype was partly dependent on the intracellular contents of Cd more in the hog1 strain than in the wildtype strain (Fig. 4B) . But more importantly, Hog1 and Slt2 encoding mitogen-activated protein kinase, directly involved in response to Cd stimuli, played a dominant role in regulating cellular response such as heavy metal stress. The mutant for YCT1 accumulated similar intracellular Cd ions in comparison to the wild-type strain, which was 0.25 times less than that of the hog1 mutant (Fig. 4B) . One reason for this discovery may be attributed to other transporters inhibited by the effect of Hog1 compensatory action under the HOG1 gene deletion mutant. After deletion of eight potential genes, we found that only the YCT1 gene deletion mutant could partly suppress the Cd sensitivity of the hog1 mutant (Fig. 4A ). This result is consistent with the atomic absorption spectroscopy showing the double mutant hog1yct1 has a moderated intracellular content of Cd compared with hog1 and yct1 mutants, which was slightly higher than the wild-type strain. The correlation between the Cd-sensitive phenotypes and intracellular Cd contents suggested that YCT1 was an important downstream gene regulated by Hog1p. A previous study revealed that YCT1 encoded the principal cysteine transporter and the low-molecular-weight peptide and proteins containing cysteine (such as GSH or metallothionein), and participated in metals' detoxicating process in S. cerevisiae (Kaur and Bachhawat 2007 ). So we considered that the decrease of cysteine in hog1yct1 is related to the restored phenotype. Furthermore, using YEASTRACT (Yeast Search for Transcriptional Regulators And Consensus Tracking, http://www.yeastract.com/cite.php), we verified that the promoter region of YCT1 possesses three Msn2/4 sites, located at -236, -322 and -714 bp upstream of the ATG codon. To determine if YCT1 expression is dependent on Hog1 and its downstream transcriptional factors, including Msn2 and Msn4, we generated pRS316-Yct1p-LacZ plasmid and transformed the yeast strains following the standard protocol, and selected a complete synthetic medium lacking uracil (SDura). The result indicated that the induction of YCT1 was dependent on Hog1. The transcriptional activation of YCT1 decreased in hog1 and sko1 with and without Cd stress compared with BY4741. Inversely, the induction of YCT1 increased remarkably in hot1 , msn2 and msn4 strains, which indicated that the three transcription factors (TFs) worked as negatively regulating action on Yct1. Accordingly, treatment with 100 μM CdCl 2 increased the expression level of YCT1 promoter, which is in accordance with RNA-seq results. Yct1 therefore played a complementary role regulated by Hog1 against the Cd stress (Supplementary Data File 1 and Fig. 4C ).
In summary, the results of this study characterized a specific responsive mechanism regulated by the two MAPKs elements. Thirty-one genes related to carbohydrate metabolism, the oxidation-reduction process, DNA damage signalling, transport, and other functional processes were identified in the Hog1 regulation group. This study is the first to demonstrate that the expression of YCT1 depends on Hog1 and its transcription factors, and if the abrogated YCT1 gene could partly abrogate the hypersensitivity of hog1 to Cd, Yct1 would therefore be epistatic to Hog1 under Cd stress. The relationship between Hog1 and Yct1 merits further study. Overnight cultured BY4741, hog1, yct1 and hog1yct1cells were refreshed in YPD with 100μM CdCl2 and incubated for 4 h at 30
• C and then determined as described in Materials and Methods. In comparison to that of BY4741 with an arbitrary unit of 1, relative cadmium contents of all mutants were determined. (C) Expression of YCT1-lacZ was measured in wild type (BY4741) and hog1, smp1, sko1 , msn2, msn4 and hot1 mutants treated without (white bars) or with 100 μM cadmium for 2 h (black bars). Three independent experiments were carried out to calculate the means and standard deviations.
